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Rab GTPaseJNK-mediated closure of the Drosophila dorsal epidermis during embryogenesis is a well-characterised model
for morphogenesis. However, little is known about how JNK signalling modiﬁes particular cellular behaviours
such as intracellular transport. Here we demonstrate that the gene encoding the small GTPase Rab30 is a new
JNK transcriptional target whose function is required during embryonic and adult morphogenesis including
JNK-dependent dorsal closure, embryonic head involution and thorax closure. Using immuno-ﬂuorescence
and live imaging, we show that EGFP-Rab30 localises to trans-Golgi in addition to small unidentiﬁed vesicles,
and moves in a microtubule-dependent, polarised dorso-ventral manner in the leading edge during dorsal
closure. We propose that JNK activity upregulates genes involved in intracellular transport in order to provide
an increased level of trafﬁcking activity in cells undergoing complex morphogenetic arrangements such as
dorsal closure.
© 2009 Elsevier Inc. All rights reserved.IntroductionDuring development, formation of tissues occurs through altera-
tions in cell position, shape and identity. Studying the rationale behind
such morphogenetic changes allows us to determine how develop-
mental processes are controlled, in addition to providing insight into
abnormal cell behaviours during disease.
Drosophila embryonic dorsal closure has been extensively studied
as a paradigm for developmental cell rearrangements and wound
healing (Martin and Parkhurst, 2004;Martin andWood, 2002; Xia and
Karin, 2004). The dorsal epidermal hole, created developmentally
after retraction of the germband, closes via a combination of forces
emerging from the contraction of the dorsal amnioserosa (the extra-
embryonic tissue underlying the hole), the elongation and pulling
together of epidermal cells through changes in the distribution of
cytoskeletal proteins, and ﬁnally the fusion of dorsal-most epidermal
(leading edge) cell membranes (Hutson et al., 2003; Kiehart et al.,
2000; Rousset et al., 2003). The importance of Jun-N-terminal kinase
(JNK) activity in leading edge (LE) cells has been recognised for many
years, as mutation of pathway components results in dorsal open
phenotypes (Glise et al., 1995; Riesgo-Escovar et al., 1996; Sluss et al.,
1996; Stronach and Perrimon, 2002; Xia and Karin, 2004). JNKal and Biomedical Genetics,
eld S10 2TN, UK.
l rights reserved.signalling transcriptionally regulates target gene expression, which in
turn mediates a series of complex cellular behaviours that promote
dorsal closure (Glise et al., 1995; Glise and Noselli, 1997; Jasper et al.,
2001; Martín-Blanco et al., 1998; Ring and Martínez-Arias, 1993).
However, thus far the function of only a few of these targets has been
elucidated.
We used microarray technology to identify almost 1000 new JNK-
regulated genes and decided to focus upon those that are implicated in
intracellular trafﬁcking, a process whose role during morphogenesis is
largely unexplored. We have found that the little-characterised Rab
GTPase Rab30 has a role in Drosophilamorphogenesis, including dorsal
closure, embryonic head involution and JNK-dependent thorax closure.
Rab GTPases are key regulators of intracellular transport and help to
determine vesicle identity (Pereira-Leal and Seabra, 2001; Seabra and
Wasmeier, 2004; Zerial and McBride, 2001). They interact directly in a
GTP-dependent manner with their divergent effector proteins, to fulﬁl
the various functions necessary for directed vesicle movement along
the cytoskeleton and tethering and fusion of vesicles with target
membranes. The localisation of Drosophila Rab30 and its human
homologue to the trans-Golgi suggests that it could be involved in
exocytosis from the Golgi and/or retrograde transport to the Golgi. Live
time-lapse imaging indicates that Rab30 is transported in a micro-
tubule-dependent, dorso-ventral polarised manner in the LE.
We propose that cells undergoing morphogenesis, such as those in
the LE, require trafﬁcking to be modiﬁed in order to promote complex
rearrangements of membrane, cytoskeleton and associated proteins.
Our results suggest that one way in which this may be achieved is via
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transport.
Results
Drosophila Rab30 is a JNK target gene expressed during embryogenesis
In order to identify new JNK target genes, we used the Affymetrix
Genechip Drosophila Genome array (Irizarry et al., 2003) to compare
wild-type embryos against those mis-expressing an activated form of
the JNK kinase Hemipterous (Hepact) (Glise et al., 1995) throughout
the epidermis. This resulted in the identiﬁcation of a total of 999
statistically signiﬁcant targets with a fold change of at least 1.5,
including several genes deﬁned by gene ontology as functioning in
intracellular trafﬁcking (R. Rousset, F. Carballès, S. Noselli, unpub-
lished, manuscript in preparation).
We focused on the poorly characterised Rab GTPase family gene
Rab30, which we identiﬁed with an upregulation of 1.5-fold in Hepact
expressing embryos. Rab30 was originally identiﬁed in human cells
and found to be expressed widely and localised to the Golgi (Chen
et al., 1996; de Leeuw et al., 1998). The human and Drosophila
homologues share 63% protein identity, although the C-terminus
differs quite signiﬁcantly between the two proteins (Fig. 1A). It has
been proposed that this difference could be accounted for by
sequencing errors (Pereira-Leal and Seabra, 2001). However, we
sequenced Drosophila Rab30 independently and found it to agree
with the published sequence. Homologues of Rab30 have been
identiﬁed in other mammals, C. elegans and Drosophila but not in
yeasts (Pereira-Leal and Seabra, 2001), suggesting that it is speciﬁc
to multicellular organisms.
We conﬁrmed the JNK-responsiveness of Rab30 using quantitative
PCR (qPCR) to compare over a total of 10 experiments, the levels of
transcript between three separate, staged pools of wild-type embryos
and those in which the JNK pathway was activated ubiquitously in the
epidermis. The average upregulation seen for Rab30was 1.71 (Fig. 1B),
which compares well with the microarray data fold change of 1.5. dpp,
puc and xanthine dehydrogenase (xdh) (the latter a negatively
regulated gene as determined by our microarray data) were used as
controls and behave as expected for genes regulated by JNK signalling
(Fig. 1B).
To determine the expression pattern during embryogenesis, we
performed in situ hybridisation in wild-type embryos. Rab30 is
expressed ubiquitously throughout early embryonic development
(not shown). During dorsal closure it often exhibits a slight segmental
pattern in the epidermis and upregulation in the gut, but is otherwise
fairly uniform (Fig. 1C). We also generated an antibody against 41
residues in the divergent C-terminus of Rab30 (Materials and
methods, Supplementary Fig. 1). Again, protein expression appears
fairly ubiquitous at early stages (Fig. 1D), but later can be seen to be
signiﬁcantly upregulated in posterior spiracles (Figs. 1E–F), part of the
fore and hindguts (Fig. 1F), as well as in faint stripes in the anterior
part of each segment of the ventral epidermis (not shown).
Rab30 mediates embryonic dorsal closure and head involution
We investigated whether Rab30 is necessary for dorsal closure to
proceed normally. As there are no publicly available Rab30 mutants
and our attempts to make one using homologous recombinationwere
unsuccessful, we decided to use an RNA interference (RNAi) approach
(Kennerdell and Carthew, 1998) to compromise Rab30 function
through direct injection of speciﬁc double-stranded (ds) RNA into
the syncytial blastoderm of wild-type embryos. Controls with hep or
bsk dsRNA (number of embryos injected=940/916) indicates that
for a process as late in embryogenesis as dorsal closure, RNAi works
fairly inefﬁciently and many embryos hatch normally — perhaps due
to degradation of most dsRNA before the relevant stage. However,after carrying out cuticle preparations, we found that 11.5% showed a
dorsal open phenotype (Figs. 2B–C), something that was never
observed in negative controls made by injection of dsRNA against
ECFP (n=763), or buffer alone, (n=714). Remaining cuticles were
either wild-type or showed non-speciﬁc defects that were recapitu-
lated by negative controls (not shown).
The injection of dsRNA against either Rab30 coding region
(n=970) or its 3′UTR (n=987) (see Materials and methods for
details) was again fairly inefﬁcient. However, cuticle preparations
indicated that there was a speciﬁc phenotype of holes in either the
dorsal, ventral or anterior epidermis (Figs. 2D–F). Dorsal holes were
relatively rare (∼1% of total cuticles), whereas ventral and anterior
holes were observed with a frequency of 5–9% each. Anterior holes
could represent defects in head involution, which is a process related
to dorsal closure (VanHook and Letsou, 2008). Missing anterior
structures are commonly seen in classical genetic mutations of the JNK
pathway (Glise et al., 1995; Riesgo-Escovar et al., 1996; Sluss et al.,
1996; Stronach and Perrimon, 2002; VanHook and Letsou, 2008), and
we occasionally observe such defects concomitantly with dorsal
closure defects after injection of hep or bsk dsRNA (Fig. 2B). The
phenotype of ventral epidermal holes is interesting as it has been
previously observed in mutants for certain small GTPases involved in
dorsal closure, such as RhoA and Cdc42 (Bloor and Kiehart, 2002;
Genova et al., 2000). It has been suggested that such mutations could
represent a defect in cell adhesion— perhaps indirectly due to a failure
of cells to elongate during dorsal closure and consequently an
unsupportable increase in tension in the ventral epidermis. It appears
that the ventral epidermis is more sensitive than the dorsal epidermis
to a reduction in cell adhesion (Tepass et al., 1996; Uemura et al.,
1996).
As a second approach we made an RNAi construct directed against
Rab30 3′UTR (see Materials and methods) and used the UAS/Gal4
system (Brand and Perrimon, 1993) to express it in the Drosophila
embryo. Anecdotal evidence and our own experience suggests that
RNAi transgene expression in the embryo has little effect unless used
in combinationwith UAS-Dicer2, which increases RNAi efﬁcacy (Dietzl
et al., 2007). We found that expression of UAS-RNAi-Rab30;UAS-Dicer2
with either armadillo-Gal4 (arm-Gal4) or actin-Gal4 (act-Gal4), which
are expressed throughout the embryonic epidermis, gave a striking
and penetrant dorsal closure phenotype. In either case, approximately
10–12% of prepared cuticles exhibited a severe dorsal closure
phenotype, combined with total loss of anterior structures (Fig. 2G),
and another 30–40% of cuticles showed a milder morphogenetic
phenotype of partial failure in germband retraction, defects in head
involution/speciﬁcation and sometimes a dorsal pucker (Fig. 2H)
(arm-Gal4 n=111, act-Gal4 n=99). The remaining embryos were
either wild-type or could not be reliably scored due to lack of cuticle.
An independent insertion of the same UAS-RNAi-Rab30 transgene
caused 45% of cuticles to exhibit only head involution defects, when
expressed together with UAS-Dicer2 by arm-Gal4 (Fig. 2I) (n=70),
and a low percentage of morphological defects when expressed with
act-Gal4 (not shown). Head involution defects are also produced (45%
of cuticles, n=42) when engrailed-Gal4 (en-Gal4 — expressed in
stripes in embryonic epidermis) is used to drive UAS-RNAi-Rab30;
UAS-Dicer2 (Fig. 2J). These defects are not due to the presence of UAS-
RNAi-Rab30;UAS-Dicer2 alone, as crossing lines to a balancer stock (w;
RoiB1/CyO) gave no phenotype and did not cause embryonic lethality.
From these results it appears that anterior structures are more
susceptible to reduced quantities of Rab30 transcript than either
germband retraction or dorsal closure, which both seem to require
ubiquitous epidermal knockdown to be disrupted.
Rab30 is required for JNK-mediated thorax fusion during metamorphosis
In addition to its effects during embryogenesis, JNK signalling is
also active in the stalk region of the imaginal wing disc, where it
Fig. 1. Rab30 is a JNK target gene expressed during embryogenesis. (A) A ClustalW alignment of human and Drosophila Rab30 indicates the divergence in the C-terminal regions, which are thought to help specify target membrane insertion.
Despite this, the two proteins localise to the same intracellular compartments. The colour coding indicates whether amino acids are identical (red), conserved (orange) or semi-conserved (yellow) between human and Drosophila Rab30
proteins. (B) A graph showing qPCR results obtained for JNK target gene expression inwild-type (WT) and UAS-hepact/69B-Gal4 embryos (UAShepA). The Y-axis represents the fold change in expression levels in comparisonwith the reference
gene rpl32. Rab30 is upregulated by a factor of 1.71 in hepact-expressing embryos compared to wild-type. Rab30 is fairly ubiquitously expressed during embryogenesis inwild-type embryos at various stages (not shown). During dorsal closure,
slight upregulation can be seen in the gut and possibly in stripes in the embryonic epidermis (C). (D–F) Rab30 antibody staining in Drosophila embryos. As with gene expression, Rab30 protein expression is fairly ubiquitous during
embryogenesis, but is upregulated in posterior spiracles during stage 13 (arrow in E — lateral view), and in part of the hindgut and foregut (pharynx) at later stages (F — dorsal view). All embryos are orientated with anterior to the left.
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Fig. 2. Embryonic holes are seen when Rab30 function is reduced. Cuticle from a wild-type embryo (A). Embryonic injection of dsRNA against JNK pathway genes such as hep results
in a small percentage of dorsal open phenotypes ranging from mild (B — small hole in dorsal epidermis) to severe (C — large dorsal hole and missing head structures). Injection of
dsRNA against Rab30 UTR or coding region results in morphological defects including mild dorsal closure defects (D), anterior hole (E) and ventral hole (F). (G–J) Expressing UAS-
RNAi-Rab30 (our home-made lines) together with UAS-Dicer2 ubiquitously in the embryonic epidermis using arm-Gal4 (G–I) or in stripes with en-Gal4 (J) results in severe
morphological defects. Cuticles show a range of defects including severe dorsal open phenotypes (G), germband retraction and head involution abnormalities (H) or problems with
head speciﬁcation alone (I–J), depending upon position and strength of Rab30 transcript knockdown. Dorsal is up and anterior is to the left in all ﬁgures apart from J, where ventral is
up and anterior to the left.
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analogous to dorsal closure (Fig. 3A, Agnés et al., 1999; Martín-Blanco
et al., 2000; Pastor-Pareja et al., 2004; Zeitlinger and Bohmann, 1999).
Compromising JNK activity, for example in 5% of hep1 homozygotes, or
by expression of an RNAi construct directed against jun in the dorsal
notum with the pannier-Gal4 (pnr-Gal4) driver, leads to a failure in
thorax closure and hence a cleft thorax phenotype (Fig. 3B, Agnés
et al., 1999).
We were interested in seeing whether Rab30 was required for
thorax closure, as the gene is expressed ubiquitously in wing imaginal
discs (not shown). We made various UAS-Rab30 constructs — wild-
type (WT), constitutively-active (CA) and dominant-negative (DN), in
addition tomaking use of UAS-RNAi lines directed against Rab30 (both
home-made and from the VDRC). Severe cleft thorax phenotypeswere
obtained upon pnr-Gal4-mediated expression of UAS-DN-Rab30 alone
(Fig. 3D), or UAS-RNAi-Rab30 together with UAS-Dicer2 (Fig. 3E).
Expressing WT- or CA-Rab30 proteins resulted in some disorganisa-
tion of bristles in the centre of the thorax and a reduction in scutellum
size (Fig. 3C). No signiﬁcant phenotypes were observed upon
expression of Rab30 WT, CA or DN proteins in the embryo (notshown). We were also able to observe a genetic interaction of Rab30
with the JNK pathway; the mild cleft thorax phenotype produced by
expression of UAS-RNAi-Rab30 (our home-made line, without UAS-
Dicer2) was enhanced signiﬁcantly in a background of hep1 hetero-
zygosity or hemizygosity (Figs. 3F–I). Under these conditions we
observed no defects in control ﬂies mutant for hep1 alone (not
shown).
We were interested in ﬁnding out whether Rab30 may play a
speciﬁc role in morphogenetic processes such as thorax closure, or
whether disruption of general trafﬁcking processes can result in
similar phenotypes.We analysed the effect of other Rab GTPases in the
thorax by making use of a series of Drosophila transgenic lines that
contain constructs allowing UAS-controlled expression of YFP-tagged
WT, CA and DN Rab GTPases (Zhang et al., 2007). Interestingly, a
penetrant cleft thorax phenotype was found only upon pnrGal4-
mediated expression of CA-Rab5, although DN-Rab5, DN-Rab11 or
DN-Rab1 expressionwas lethal and CA-Rab11 expression resulted in a
cleft thorax at very low penetrance (Table 1). We looked at Rab5
function in more detail by expressing UAS-RNAi-Rab5 in the notum,
and observed a severe cleft thorax phenotype in the presence of UAS-
Fig. 3. Rab30 loss or gain of function causes defects in adult thorax formation. (A) A wild-type thorax. The white dotted line indicates the position of the dorsal midline. (B) A hep1
homozygote (only 5% exhibit this phenotype). The two halves of the notum have not fused correctly, resulting in a wide cleft in the thorax. (C) Expression of UAS-CA-Rab30with the
pnr-Gal4 driver results in some disorganisation of microchaetae at the midline and a reduced scutellum. UAS-WT-Rab30 misexpression causes a similar phenotype (not shown). A
severe cleft thorax and reduced scutellum is produced upon pnr-Gal4-driven expression of UAS-DN-Rab30 (D) or UAS-RNAi-Rab30 (our home-made line shown — similar results
obtained with VDRC line 27002 and 27003 not shown) together with UAS-Dicer2 (E). (F–H) Notum phenotypes can be enhanced by reducing JNK pathway activity. A UAS-RNAi-
Rab30/pnr-Gal4 thorax exhibits a very mild cleft (F — blue on histogram). This phenotype is signiﬁcantly enhanced in a background of hep1 heterozygosity (G — magenta) and
hemizygosity (H— green). In I, phenotypes have been ranked on a scale from 1 to 5, where 1 is wild-type and 5 represents the most severe cleft thorax phenotype observed. For each
genotype 13–21 individual ﬂies were scored over two independent crosses. A home-made UAS-RNAi-Rab30 line was used for statistical analysis (see Materials and methods for
details of construction).
254 C. Thomas et al. / Developmental Biology 331 (2009) 250–260Dicer2 (not shown). Rab5 is one of the best-characterised Rab
GTPases, and plays an important role in regulating endocytosis
(Bucci et al., 1992; Gorvel et al., 1991; McLauchlan et al., 1998). Our
results suggest that correct levels of Rab5 activity are necessary for
thorax closure, although it is also possible given its essential function
that lack of Rab5 is resulting in cell lethality, and hence absence of
tissue in the pnr-Gal4 expression domain. With the exception of Rab5
however, expression of activated or dominant-negative Rab GTPases
in the notum does not result in a penetrant cleft thorax phenotype,
suggesting a speciﬁc function for Rab30 in JNK-mediated thorax
fusion.
Rab30 is localised to trans-Golgi
To determine intracellular localisation of Rab30, we used N-
terminally ﬂuorescently tagged forms of wild-type and mutant Rab30
proteins. Using our anti-Rab30 antibody we do not detect endogenous
Rab30 protein in Drosophila S2 cells, either by immuno-ﬂuorescence
(not shown) or by western blot (Supplementary Fig. 3C), suggesting
that either it is present at very low levels or is completely absent and
hence not necessary for cell survival.Both WT- and CA-EGFP-Rab30 were found to localise predomi-
nantly within vesicles in S2 cells and Drosophila embryos, whereas
DN-EGFP-Rab30 was mainly present in the cytoplasm (Figs. 4A–F). In
S2 cells, embryos and imaginal wing discs, EGFP-Rab30 vesicles
colocalise frequently withmarkers against the Golgi (Figs. 4I–J and not
shown), and occasionally with an antibody against Rab11 (Figs. 4G–
H). Rab11 marks the recycling endosome (RE), trans-Golgi and post-
Golgi vesicles and is responsible for coordinating the processes of
endocytic recycling and endosome to Golgi trafﬁcking (Sönnichsen et
al., 2000; Ullrich et al., 1996;Wilke et al., 2000). Closer examination in
embryos using markers against various Golgi cisternae showed that
Rab30 is present within trans-Golgi in addition to smaller vesicles of
unknown identity (Figs. 4I–J). The localisation speciﬁcally within
trans-Golgi is more difﬁcult to observe in S2 cells and imaginal wing
disc cells, as the markers for different cisternae overlap considerably.
Colocalisation of EGFP-Rab30 and anti-Rab11 appears to occur
predominantly in the trans-Golgi (not shown), although we cannot
rule out that some of the smaller EGFP-Rab30 positive vesicles
correspond to REs.
An EGFP-Human-Rab30 was also constructed and found to
colocalise closely with Drosophila RFP-Rab30 in S2 cells and embryos,
Table 1
Summary of Rab ectopic expression phenotypes in the notum.
Line Phenotype when crossed to pnr-Gal4 at 25 °C
UAS-YFP-Rab1 DN Lethal
UAS-YFP-Rab1 CA Wild-type
UAS-YFP-Rab2 DN Wild-type
UAS-YFP-Rab2 CA Wild-type
UAS-YFP-Rab3 DN Wild-type
UAS-YFP-Rab3 CA Wild-type
UAS-YFP-Rab4 DN Wild-type
UAS-YFP-Rab4 CA Wild-type
UAS-YFP-Rab5 DN Lethal
UAS-YFP-Rab5 CA Cleft thorax and shortened scutellar macrochaetae
UAS-YFP-Rab5 WT Wild-type
UAS-YFP-Rab6 CA Wild-type
UAS-YFP-Rab7 DN Wild-type
UAS-YFP-Rab7 CA Wild-type
UAS-YFP-Rab9 CA Naked notum
UAS-YFP-Rab11 DN Lethal
UAS-YFP-Rab11 CA Wild-type apart from single ﬂy with cleft thorax
UAS-YFP-Rab11 WT Wild-type
UAS-YFP-Rab23 DN Wild-type
UAS-YFP-Rab23 CA Wild-type
UAS-RNAi-Rab5+UAS-Dicer2 Severe cleft thorax
255C. Thomas et al. / Developmental Biology 331 (2009) 250–260in addition to localising to the Golgi (Figs. 4K–O). This provides a
strong piece of evidence for these two proteins being involved in the
same functional processes, and hence they are likely to be true
homologues.
Rab30 trafﬁcs in a polarised, microtubule-dependent manner in the LE
With the aim of following Rab30 vesicles on their way to or from
the Golgi, we carried out live time-lapse imaging of EGFP-Rab30 or
RFP-Rab30 both in S2 cells and in vivo, together with an ECFP-Golgi
marker. We observe that whereas the Golgi within the cell stay
relatively still, Rab30-containing vesicles outside of the Golgi move
rapidly (Supplementary Movies 1–2). In S2 cells we were able to
observe vesicles emerging from the Rab30-positive pool within the
Golgi, and fusion of two Rab30-containing non-Golgi vesicles (Fig. 5A
and Supplementary Movie 1). We do not observe fusion of such
vesicles with the plasma membrane, which could implicate Rab30-
containing vesicles in mediating the early stages of secretion from the
trans-Golgi. However, we cannot rule out the possibility that Rab30 is
also involved in retrograde transport into the Golgi.
We also examined the trafﬁcking of ﬂuorescently tagged Rab30
expressed in stripes with en-Gal4 in the LE of live embryos. The
protein moves in brief spurts, bidirectionally in a polarised dorso-
ventral (DV) manner, combined with periods of inactivity (Supple-
mentary Movies 2–3). No obvious accumulation of Rab30 at either the
dorsal or ventral end of the cell was seen and it appears that there is
no net movement in either direction. We tracked the movement of
vesicles and calculated their average and maximum velocity during
the time periods observed (Figs. 5B,D,F). Whilst the average velocity
calculated was only 0.14 μm/s due to extended periods without
movement, the maximum velocity observed was roughly 1.0 μm/s.
This pattern of transport strongly suggests the involvement of
microtubules, which are orientated in dynamic anti-parallel arrays
along the DV axis in the dorsal epidermal cells during closure
(Jankovics and Brunner, 2006).
To test this hypothesis, we decided to disrupt microtubules using a
UAS-spastin-EGFP line and observe the effect on Rab30 transport.
Spastin is a microtubule-severing protein which causes microtubule
disassembly and hence elimination of the arrays (Sherwood et al.,
2004). Expression of Spastin during dorsal closure has been shown to
prevent LE cell elongation and protrusion of ﬁlopodia, leading to
defects in zippering (Jankovics and Brunner, 2006). Indeed, when we
express spastin-EGFP together with RFP-Rab30, we see a change incell shape at the LE (Fig. 5C and Supplementary Movie 4). Interest-
ingly, we also observe that although the distribution of Rab30 vesicles
remains unchanged, their movement is severely curtailed (average
velocity is reduced to 0.03 μm/s) and the little movement that
remains appears random rather than directed, suggesting it is due to
diffusion (Figs. 5E–F and Supplementary Movie 4). Hencemicrotubule
array integrity is necessary for Rab30 vesicle trafﬁcking.
Discussion
Morphogenetic rearrangements during dorsal closure involve a
highly complex series of cell behaviours. Amnioserosal cells must
contract, epidermal cells elongate and become polarised, and changes
in the distribution of cytoskeletal and adhesion molecules must occur
in order to allow formation of the actin cable, ﬁlopodial cell extensions
and new cell junctions during zippering (Kiehart et al., 2000; Martin
and Wood, 2002; Xia and Karin, 2004). Thorax closure and head
involution, although less extensively characterised in terms of the
cytoskeletal and cellular changes that take place, seem to utilise
similar genetic pathways (Agnés et al., 1999; Martín-Blanco et al.,
2000; Pastor-Pareja et al., 2004; VanHook and Letsou, 2008; Zeitlinger
and Bohmann, 1999). Our results demonstrate that a gene implicated
in membrane transport plays a key role during head involution and
dorsal and thorax closure in Drosophila. We propose that cells
undergoing morphogenetic movements need a higher level of
organised, active transport than others. This could be achieved either
through increased utilisation of ubiquitous, housekeeping trafﬁcking
pathways or the existence of specialised systems that are only
required at such critical points in development.
A function for human Rab30 had not previously been established,
although its presence in Golgi cisternae had been reported (de
Leeuw et al., 1998). Our work indicates that Rab30 is localised
predominantly to trans-Golgi, in addition to small vesicles of
unknown identity (Figs. 4I–J). However, a recent analysis of GRIP
domain golgins in Drosophila cells has indicated that both trans- and
cis-localised golgins can bind to Rab30 in vitro, and that Rab30 itself
may be distributed throughout various Golgi cisternae (Sinka et al.,
2008). The use of S2 cells in this study rather than embryos might
explain the discrepancy, as we also found that in S2 cells it was near
impossible to distinguish between different Golgi cisternae using
confocal microscopy, whereas larger embryonic cells showed a clear
separation of different Golgi markers.
Our observations indicate that Rab30-containing vesicles are
moving in a microtubule-dependent fashion in the LE (Figs. 5A–F),
Supplementary Movies 1–4). At this stage it is not possible for us to
say whether Rab30 itself is regulating the transport or identity of
these vesicles as we have not been able to observe speciﬁc
trafﬁcking defects in mutant cells. However, it is likely from our
observations that Rab30-containing vesicles are undergoing either
exocytosis and/or retrograde endosome to Golgi transport, and
given the known regulatory function of Rab proteins it is possible
that this transport depends upon Rab30 itself. LE cells must
synthesise new actin, actin binding and junctional proteins, as
well as membrane components, and transport them to the dorsal
edge of the cell. Therefore, a role for Rab30 in the early stages of
exocytosis is an attractive model that is supported by our
observations of small Rab30-positive vesicles exiting the Golgi
(Fig. 5A, Supplementary Movie 1). We didn't observe fusion of
Rab30 vesicles with the plasma membrane, hence it is possible
either that cargo is transferred to late exocytic vesicles, or that
vesicle identity changes over time, and that Rab30 is eliminated
from vesicles before they reach the plasma membrane. Alternatively
or in addition, Rab30 could be involved in transport towards the
Golgi. This model is supported by Sinka et al. (2008) who propose
that the Rab30 binding sites of golgins could allow tethering of
incoming vesicles containing activated Rab30, thus promoting
Fig. 4. The localisation of EGFP-Rab30 in S2 cells and in vivo. In Drosophila S2 cells, WT-EGFP-Rab30 (A) and CA-EGFP-Rab30 (B) are localised predominantly in intracellular vesicles,
whereas DN-EGFP-Rab30 is mainly cytoplasmic (C). A similar localisation is seen in Drosophila embryos (D–F). EGFP-Rab30 is expressed with the en-Gal4 driver and visualised at
stage 13. WT-EGFP-Rab30 vesicles colocalise frequently with anti-Rab11 positive vesicles in S2 cells (G) and in vivo (H) and with trans-Golgi (I–J). (I) Drosophila embryo expressing
EGFP-Rab30 and labelled with markers against cis-Golgi (dGMAP — blue) and medial-Golgi (p120 — red). Although all three markers overlap slightly with each other, there is no
direct colocalisation between any pair. (J) EGFP-Rab30 colocalises exactly with a trans-Golgi localised ECFP-Golgi (CFP-glycosyl-transferase, (Satoh et al., 2005)) in Drosophila
embryos. (K) Colocalisation is seen between EGFP-human-Rab30 and Drosophila-Rab30 (markedwith anti-DRab30 antibody, which does not recognise the human protein) when the
two proteins are co-transfected into S2 cells. No endogenous Rab30 is seen in S2 cells (not shown). EGFP-Human-Rab30 also colocalises with markers against Rab11 (L) and p120-
Golgi (M) in S2 cells. Colocalisation with RFP-Drosophila-Rab30 (N) and with p120-Golgi (O) is also observed in Drosophila embryos ectopically expressing EGFP-Human-Rab30.
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Golgi from other compartments. Further work will be required to
determine the mechanisms behind Rab30 transport, and identiﬁca-
tion of other physically interacting effector proteins will help with
analysis. However, our ﬁndings that human and Drosophila Rab30
have an identical intracellular distribution within S2 cells and Dro-
sophila embryos (Figs. 4K–O), suggest that the two proteins are
likely to be functionally homologous. This makes our work a strong
basis for studying the function of this small GTPase in tractable
mammalian cell systems where the cell biology is better charac-
terised than it currently is in Drosophila S2 cells and where more
tools are available for analysis of trafﬁcking pathways.
The absence of Rab30 in S2 cells, or of a homologue in single-celled
yeasts suggests that Rab30 is dispensable for cell survival and division.
Although it is tempting to propose that Rab30 represents a specialised
trafﬁcking system, speciﬁcally required during morphogenesis, it is
perhaps more likely that it is a housekeeping gene, required for an
ubiquitous (although perhaps non-essential) trafﬁcking function, buthaving a more prominent role in cells where the trafﬁcking load is
higher than normal, such as the LE. The possibility that JNK signalling
not only upregulates speciﬁc genes required for morphogenesis, but
also increases the level of housekeeping gene activity is an interesting
and overlooked concept, and suggests that in order to comprehen-
sively understand biological processes, we need to investigate
ubiquitous cellular functions, such as intracellular transport, in more
depth.
Another possibility is that Rab30 could act redundantly with other
Rab proteins in normal situations, but during morphogenesis could be
required to compensate for limiting amounts of these Rabs. If this is
true, it should be possible to ﬁnd other Rabs that might compensate
for a lack of Rab30 — possible candidates could be Rab11, Rab6 and
Rab43, which are all present on trans-Golgi (Grigoriev et al., 2007;
Haas et al., 2007; Ullrich et al., 1996; Wilke et al., 2000).
Here we present results showing that a gene implicated in
intracellular trafﬁcking is a JNK transcriptional target required for
JNK-mediated morphogenesis. Undoubtedly other such genes will be
Fig. 5. Intracellular trafﬁcking in S2 cells and the leading edge. (A) Stills taken from Supplementary Movie 1. Frame number is indicated at the bottom right of each panel (1.92 s per
frame). Arrows point to a region of apparent exocytosis from the trans-Golgi (blue) of a small EGFP-Rab30 (green) containing vesicle (frame 18). This vesicle subsequently fuses with
a large tubular shaped EGFP-Rab30 containing vesicle (frame 27), and then a third vesicle is also incorporated (frame 36). (B–F) EGFP-Rab30 particles move in a dorso-ventral,
microtubule-dependant manner. Dorsal is to the left. (B–C) The ﬁrst frame taken from Supplementary Movie 3 (B), showing RFP-Rab30 trafﬁcking in wild-type embryos, and
Supplementary Movie 4 (C), showing RFP-Rab30 trafﬁcking in UAS-spastin-GFP expressing embryos (red channel alone shown). (D–E) Tracks of 5 different vesicles during 90-frames
(1.75 s per frame) of each movie. In the wild-type embryos (D) the vesicles movemuch further and faster than in embryos expressing spastin-GFP, where microtubules are disrupted
(E). A greater than four-fold difference betweenwild-type andmutant cells can be seen in graphs comparing the average velocity of tracked particles (F). Results were determined by
tracking 15 randomly chosen vesicles from 5 independent movies for each genotype.
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statistical signiﬁcance at least one Rab (Rab1) (Jasper et al., 2001) and
recently a myosin, Sisyphus, was found to be necessary for transportwithin ﬁlopodia (Lui et al., 2008). In addition, our own experiments
suggest that reduction in the activity of Rab5 can cause defects in
thorax closure (Table 1), although Rab5 was not identiﬁed in our
258 C. Thomas et al. / Developmental Biology 331 (2009) 250–260microarray screen as being JNK transcriptionally regulated (data not
shown). We are also currently investigating the roles of several other
putative JNK targets that are likely to be involved in membrane
transport. It will be interesting to see whether Rab30 function is
always speciﬁc to cells undergoingmorphogenetic rearrangements, or
if it has a broader spectrum of activity, both in Drosophila and in
higher organisms.
Materials and methods
Molecular biology
cDNA samples were prepared for qPCR from each of three
separately staged collections of wild-type and UAS-hepact/69B-Gal4
embryos. Total RNA was ﬁrst isolated using Trizol treatment then
RNeasy puriﬁcation (Qiagen), following a modiﬁed protocol from the
DGRC. cDNA was then synthesised using Superscript II reverse
transcriptase (Invitrogen). Primers for qPCR were designed using
PerlPrimer. Ten qPCR experiments were carried out in quadruplicate
using qPCR Mastermix Plus for SYBR-Green (Sigma) and an ABI prism
7000 machine. For each experiment, the mean of the quadruplicates
was taken, results were normalised against the rpl32 reference gene
and fold change was calculated. The ﬁnal values represent the mean
(and standard error) of the ten experiments.
Full-length Rab30 coding region was cloned from EST RE14786
(DGRC) by PCR and inserted into pUASt (Brand and Perrimon,1993) or
pUASt-EGFP. Primers used were as follows:
5′=GATCTCGAGATGGAGGACTACAAGTTCCTG (XhoI site in bold)
3′=GATCTAGAAGAATGTGGGAGCATTGTGG (XbaI site in bold)
Constitutively-active (Q66L) and dominant-negative (N120I)
Rab30 were made using the Quikchange Site-directed mutagenesis
kit from Stratagene, with the following primers (mutated residues in
bold type):
CA5′=GACACCGCCGGCCTGGAGCGGTTCCG (A–T)
CA3′=CGGAACCGCTCCAGGCCGGCGGTGTC (T–A)
DN5′=CAAAATCCTGGTGGGTATCAAGACGGACAG (A–T)
DN3′=CTGTCCGTCTTGATACCCACCAGGATTTTG (T–A).
Resulting constructs were sequenced to ensure mutation was
present. pUASt-RNAi-Rab30 was made by cloning a 823 bp section of
Rab30 3′UTR by PCR into pJM1084 (Reichhart et al., 2002). Primers
used were as follows:
5′=GAAGCTAGCCAGCTGCAAACTGAACTGGA (NheI site in bold)
3′=GCCGGATCCGCATTACCAAAGATTGCACA (BamHI site in bold)
There are two predicted off-targets for this sequence (Unr and
CG9339), each with a single 19 bp region of homology to Rab30.
pUASt-ECFP-Rab30 and pUASt-RFP-Rab30 were created by remov-
ing the EGFP sequence from pUASt-EGFP-Rab30 and replacing it with
either ECFP (from pECFP-Golgi, Clontech) or mRFP (from pRSETB,
Invitrogen). pUASt-EGFP-human-Rab30 was made by cloning human
Rab30 from pSVL-Myc-Rab30 (a kind gift from J. Voorberg) and
inserting it into pUASt-EGFP. Primers used were as follows:
5′=GAGCTCGAGATGAGTATGGAAGATTTCCTG (XhoI site in bold)
3′=CGTCTAGAGCATTCTAGTTGTGGTTTGTCC (XbaI site in bold)
Full-length Rab11 was cloned from EST GM06568 (DGRC) and
inserted into pUASt-EGFP. Primers used were as follows:
5′=TAGGATCCGGTGCAAGAGAAGACGAG (BamHI site in bold)
3′=GAGCTCGAGTCTTGTAGTCGTAGTTG (XhoI site in bold)
pUASt-ECFP-Golgi (N-terminal 81 amino acids of human beta 1,4-
galactosyltransferase, which marks trans-Golgi) was a kind gift from
D. Ready (Satoh et al., 2005).RNA interference
Double-stranded RNA for RNAi was made using the Ambion
MEGAscript T7 kit with PCR templates containing T7 transcription
sites at both ends corresponding to 7–800 bp of hep, bsk, ECFP, Rab30
Coding Region (CR) or Rab30 3′UTR (UTR). Primers used were as
follows (T7 transcription sites in bold type, linker region underlined):
hep5′=CAGAGATGCATAATACGACTCACTATAGGGAGA
AGAATGAGTCCCACGACCAG
hep3′=CCAAGCCTTCTAATACGACTCACTATAGGGAGA
GAGCACAACATCCAGATCCA
bsk5 ′=CAGAGATGCATAATACGACTCACTATAGGGATCTC
TGCCAGGTCATCC
bsk3′=CCAAGCCTTCTAATACGACTCACTATAGGGTGTGACTGA
CTAAGGAGG
ECFP5′=CAGAGATGCATAATACGACTCACTATAGGGAGA
ACGTAAACGGCCACAAGTTC
ECFP3 ′= CCAAGCCTTCTAATACGACTCACTATAGGGAGA
TGCTCAGGTAGTGGTTGTCG
Rab30CR5′=CAGAGATGCATAATACGACTCACTATAGGGAGA
AACCCATTTTTGGCAACATC
Rab30CR3′=CCAAGCCTTCTAATACGACTCACTATAGGGAGA
AGCTGCTCAGCTTCCAGTTC
Rab30UTR5′=CAGAGATGCATAATACGACTCACTATAGGGAGA
CAGCTGCAAACTGAACTGGA
Rab30UTR3′=CCAAGCCTTCTAATACGACTCACTATAGGGAGA
GCATTACCAAAGATTGCACA
dsRNAwas suspended in Injection Buffer (Misquetta and Paterson,
2000), and injected at various concentrations into the posterior of
syncytial blastoderm stage embryos. Embryos were allowed to
develop then unhatched embryos were washed off slides with
heptane and cuticle preparations carried out according to standard
procedures (Wieschaus and Nusslein-Volhard, 1986).
Drosophila stocks
Constructs were injected into hand-dechorionated Drosophila
w1118 syncytial blastoderm embryos, together with the P(Δ2–3)
helper plasmid DNA. Individual lines were expanded and balanced
using w; Sco/Cyo or w; Ly/TM3. Presence of the correct insert was
veriﬁed in transgenic stocks by PCR using speciﬁc primers. Other
stocks used were as follows: UAS-CFP-Golgi (a gift from D. Ready),
UAS-spastin-EGFP (a gift from A. Daga), en-Gal4, pnr-Gal4 and 69B-
Gal4 (Bloomington), arm-Gal4, and act-Gal4 (from D. Strutt) y,w,
hep1/FM7 (Glise et al., 1995), UAS-Dicer2 (VDRC), VDRC transfor-
mants 34094, 34096 (UAS-RNAi-Rab5), 27002 and 27004 (UAS-RNAi-
Rab30) and YFP-Rab lines as documented in Table 1. (Bloomington
stock numbers: 9757, 9758, 9759, 9760, 9764, 9766, 9768, 9770,
9771, 9773, 9775, 9776, 9778, 9779, 9785, 9790, 9791, 9792, 9804
and 9806).
Fixation and staining
Embryos were dechorionated using bleach, ﬁxed in 4% PFA and
devitellinised using heptane/methanol according to standard proce-
dures. Discs were ﬁxed in 4% PFA for 15 min. Primary antibodies used
were as follows: anti-Rab11 (1:1000, rabbit, gift from D. Ready (Satoh
et al., 2005)), anti-Phospho-Tyrosine (1:500, mouse, Cell Signaling
Technology), anti-α-Tubulin (1:500, mouse, Sigma), anti-Golgi p120
(1:400, mouse, Calbiochem, marks medial-Golgi), anti-dGMAP
(1:1000, rabbit, gift from P. Thérond, marks cis-Golgi (Friggi-Grelin
et al., 2006)). Secondary antibodies used were anti-mouse and anti-
rabbit Alexa-488, Alexa-546 (Molecular Probes) and Cy5 (Jackson).
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A 41aa section of Drosophila Rab30 between amino acids 151 and
192 was chosen for its divergence from the sequence of other Rabs,
and cloned into the pGEX-4T-1 vector (Amersham Pharmacia
Biotech). A GST-fusion protein of ∼25 kDa was produced in E. coli
and sent to Eurogentec for injection into two rabbits. All experiments
were performed using serum from rabbit #5775, which worked well
in western blot (Supplementary Fig. 1). This antibody does not cross-
react with human Rab30 (data not shown).
Microscopy and live imaging
Embryos for live imaging were dechorionated in bleach, staged for
dorsal closure and lined upwith a thin coating of oil, ventral side up on
coverslips. To ensure hydration, a chamber was attached around the
embryos with modelling clay, a piece of damp ﬁlter paper was put
inside, and the top was sealed with Paraﬁlm. Cells were imaged in S2
medium (see below) in Lab-Tek chambered coverslips. Images were
obtained using either a Zeiss LSM 510 META Confocal, or a DeltaVision
restoration microscopy system with softWoRks 2.5. Images were
manipulated using Adobe Photoshop 7.0 and Image J. Vesicle tracking
of DeltaVision time-lapse images was carried out using the Image J
Manual Tracking plugin software.
Cell culture
Drosophila S2 cells were cultured in Schneider's Drosophila
medium plus Foetal Bovine Serum and Streptomycin/Penicillin (Bio-
West). Transient cell transfections were carried out in Schneider's
medium using Cellfectin Reagent (Invitrogen) mixed with DNA
encoding actin-Gal4 plus plasmids of interest. The mixture was
added to prepared cells and left for 24 h before washing. Cells were
transferred into Lab-Tek chambered slides and ﬁxation and antibody
staining was performed according to standard procedures.
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